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Abstract 
The application of hybrid ground source heat pump (HGSHP) system with cooling tower as supplemental heat 
rejecter is popular in the cooling-dominated area, which can mitigate the heat accumulation effect in the soil and 
improve the system performance. In this paper, three common operating and control strategies of the HGSHP 
system were analysed for optimizing selection. Simulation models of the compound ground source heat pump 
system were established in order to quantify the effects of different control strategies on the system performance. A 
comparative study was presented to investigate the advantages and drawbacks of various operating strategies in a 
HGSHP system using cooling tower as supplemental heat rejection based on this simulation model. An actual small 
office building in Shanghai was employed as the research object. The conclusion is drawn that taking the fluid 
temperature in the inlet of the ground-loop heat exchanger as the main control parameter while the difference 
between the outlet fluid temperature of heat pump and the local wet-bulb temperature as the subordinate control 
parameter is the best way to optimize the performance of HGSHP system. 
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1. Introduction 
The advantages of ground source heat pump system have made it a very attractive choice for space conditioning, 
not only for residential buildings but also for commercial buildings [1]. Meanwhile, the problem of heat 
accumulation has successfully attracted public attention. Quite a few ground source heat pump systems has come 
across the degradation of performance as the entering fluid temperature to the heat pump increases after years’ 
operation, which in most cases are caused by the effects of heat accumulation in underground soil. Generally 
speaking, the heat rejection of the system in refrigeration condition far out-classes the heat absorption in heating 
condition. In order to ensure the proper functioning of the equipment of the system, the heat rejection must be 
reduced. For the past few years, the application of HGSHP system with cooling tower as supplement is popular in 
the cooling load dominated area, which can not only mitigate the heat accumulation effect in the soil but also reduce 
the initial investment of the system and the size of the ground-loop heat exchanger [2]. The efficiency and reliability 
of the system are both enhanced undoubtedly. 
In this paper, a comparative study is presented that investigates the operating performance of HGSHP system 
under different operating and control strategies based on the simulation mod-el of certain HGSHP system. 
2. Simulation of the HGSHP system 
The example office building is located in Shanghai. The total area of the small office building is approximately 
700m2. The HGSHP system was applied in this building. The diagram of the system is shown in Fig. 1. 
 
 
Fig. 1. Sketch of the HGSHP system using open cooling tower as the supplemental heat rejecter. 
2.1. Building loads model based on climatic considerations 
The loads of the example building are simulated in consideration of the local weather data. The simulation is 
carried out on the platform of DEST, which is a software developed by Tsinghua University. The building loads 
analysis is shown in Fig. 2, which is determined on an hour-by-hour basis for 9000 hours. And the loads analysis of 
the underground soil is shown in Fig. 3. 
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Fig. 2. Annual hourly building loads considering typical climatic conditions in Shanghai. 
 
Fig. 3. Annual hourly underground loads. 
According to the simulation, the extreme cooling load of the office building is 660.45kW, while the extreme 
heating load is 461.7kW. The ground heat exchanger uses water as the circulating medium, with a diameter of 
25mm. The circulatory system of underground pipe heat exchanger is double-U-shaped, with a depth of 80m. The 
number of the vertical pipes is 120. It is indicated that the amount of the heat rejected in the ground is 675340KWh, 
while the amount of the heat extracted from the ground is 307805KWh from Fig. 3 on the condition of no 
supplemental heat rejecter. The unbalance rate of the amount of heat rejected into and extracted from the soil is 
2.19:1. 
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2.2. Cooling tower selection 
Kavanagh modified and expended the design method recommended by ASHRAE. The optimized method takes 
the balance of heat rejection and heat absorption into consideration as well as the equilibrium of the water flow. The 
specific method is as follows [3]: 
x Calculate Lc (length of the ground loop heat exchanger under the operating condition of refrigeration) and Lh 
(length of the ground loop heat exchanger under the operating condition of heating) respectively; 
x Calculate Lpmcooler (l/s) (the water flow of the supplemental heat rejecter): 
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where Lpmcooler (l/s) is the total flow of the cooling water. 
x Modify the equivalent full-load hours EFLHcooler with the existence of supplemental heat rejecter. 
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where EFLHcooler is the full-load operating hours of the system under refrigeration condition. 
x Recalculate Lc and Lh on the basis of the computation of EFLHcooler, and then achieve the new value of Lpmcooler. 
 
According to the above method, the type of the supplemental cooling tower is selected, which is MS_50 (240kW). 
The model of the plate heat exchanger is BR24-800 in accordance with the cooling tower. 
2.3. Simulation of the tandem HGSHP system using cooling towers as the supplemental heat rejecter 
The operation mode of the HGSHP system can be subdivided into two categories. One is the building load 
undertaken by the ground loop heat exchangers alone. Another mode is the ground loop heat exchangers and the 
supplemental cooling tower working together in the form of series. The simulation process is as follows. When the 
two devices are operating together, the performance parameters of the heat pump can be deduced by assuming the 
outlet water temperature of the ground-loop heat exchanger [4]. At the same time, the condensing load can be 
achieved in reference to the building load, which is shared by the ground loop heat exchangers and the supplemental 
cooling tower. The exiting fluid temperature of the cooling tower can be deducted based on the mathematical model 
of the cooling tower. And then the exiting fluid temperature of the ground-loop heat exchanger can be recalculated 
again. 
2.4. Operating and control strategies 
There are three control strategies selected to provide comparison between system operations with and without the 
use of supplemental cooling tower [5]. The objective of this paper is to investigate the impact of each control 
strategy on the system operation. 
Base case: The length of the ground-loop heat exchanger is designed without the application of any supplemental 
heat rejection. The building load is totally undertaken by the ground-loop heat exchanger. 
Strategy one: This control strategy is based on the meteorological parameters of the given region and the 
characteristic of the building load. The supplemental cooling tower is activated when the entering or exiting fluid 
temperature of the ground-loop heat exchanger surpasses the value set in advance.  
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Strategy two: The difference between the heat pump entering or exiting fluid temperature and the ambient air 
wet-bulb temperature is used as the criterion in this control strategy. 
Strategy three: This control strategy takes the cool storage in the ground into consideration. The cool storage 
effect is achieved by operating the supplemental cooling tower for 6 hours during the night. 
3. Simulation results of different control strategies 
3.1. Base case-ground source heat pump system without supplemental heat rejection 
This case is the reference to the other cases using different control strategies. The system simulation for this case 
only included the heat pump, the ground-loop heat exchanger, and the circulation pump of the main loop. The 
simulation model was run on an hour-by-hour basis for the period of 5 years. The tendency of the exiting fluid 
temperature of the ground-loop heat exchanger in a year is plotted in Fig. 4. It is shown that the maximum exiting 
fluid temperature of the ground-loop heat exchanger changes from 40ºC to 45ºC over the five years, while the 
minimum exiting fluid temperature of the ground-loop heat exchanger improves from 10ºC to 18ºC. The 
temperature increase of the exiting fluid of the ground-loop heat ex-changer is due to the imbalance between the 
amount of heat rejected into the ground and the amount of heat extracted from the ground. 
 
 
Fig. 4. Hourly exiting fluid temperature of ground-loop heat exchanger without supplemental heat rejection. 
3.2. Strategy one-set point control for the ground-loop heat exchanger entering and exiting fluid temperature 
With this control strategy, the supplemental cooling tower is activated whenever the entering or exiting fluid 
temperature of the ground-loop heat exchanger reaches 33ºC [6]. Hourly ground-loop heat exchanger exiting fluid 
temperatures are provided in Fig. 5. The maximum exiting fluid temperature of the ground-loop heat exchanger is 
33ºC, occurring in the 4500th hour in the simulation. 
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Fig. 5. Hourly exiting fluid temperature of ground-loop heat exchanger using Strategy One. 
3.3. Strategy two-temperature differential control for the heat pump entering and exiting fluid temperature 
In this strategy, the cooling tower and the circulation pump on the secondary system loop are activated when the 
difference between the heat pump entering or exiting fluid temperature and the ambient air wet-bulb temperature is 
greater than 2ºC and turned off when the temperature difference is less than 1.5ºC. Hourly ground-loop heat 
exchanger exiting fluid temperatures are shown in Fig. 6. The maximum exiting fluid temperature of the ground-
loop heat exchanger is 31ºC, occurring in the 4800th hour in the simulation. 
 
 
Fig. 6. Hourly exiting fluid temperature of ground-loop heat exchanger using Strategy Two. 
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3.4. Strategy three-scheduled running of the cooling tower 
In this case, excess heat is rejected by simply operating the cooling tower and the secondary loop circulation 
pumps at scheduled times during the night (midnight to 6:00am). Fig. 7 shows the results of the simulation under 
this strategy. The maximum exiting fluid temperature of the ground-loop heat exchanger is 40ºC, which occurs in 
the 6th and 7th month in the year. 
 
 
Fig. 7. Hourly exiting fluid temperature of ground-loop heat exchanger using the third control strategy. 
4. Discussion 
The simulation of the base case shows that the exiting fluid temperature of the ground-loop heat exchanger keeps 
rising over years’ operation. In cooling-dominated area, the amount of the heat rejection in refrigeration condition is 
undoubtedly much larger than the amount of the heat extraction in heating condition. The heat accumulation will 
definitely cause the temperature of the underground soil to rise if no supplemental heat rejection is applied, which 
will further influence the exiting fluid temperature of the ground-loop heat exchanger [7]. The higher the exiting 
fluid temperature of the ground-loop heat exchanger, the lower the performance coefficient of the HGSHP system is. 
It is indicated in the simulation of Strategy One applied in the HGSHP system that the total length of the installed 
ground-loop heat exchanger and the first cost of the system can be de-creased by control the exiting fluid 
temperature of the ground-loop heat exchanger, which makes the system more competitive than conventional 
alternatives [8]. The duration of the cooling tower generally depends on the building cooling loads. By adjusting the 
setting value of the exiting fluid temperature of the ground-loop heat exchanger, the balance between the heat 
rejection and the heat absorption can be achieved. Controlling the temperature difference between the heat pump 
entering or exiting fluid temperature and the ambient air wet-bulb temperature can effectively mitigate the heat 
accumulation effect in the soil and improve the system performance in a short period. However, this control strategy 
is strongly influenced by the environment and thus is complicated to implement [9]. Comparing with the above two 
strategies, the third control method is relatively simple. How-ever, in the period of midnight to 6 am, the 
temperature of the heat pump entering fluid is generally lower than what in the daytime. Therefore, the improving 
efficiency of the cooling tower is limited. Considering the demanding building load, the total length of the ground-
loop heat exchanger exceeds the other two control strategies.  
Based on the above analysis, it is known that the exiting fluid temperature of the ground-loop heat exchanger 
must be controlled to reduce the first cost of the HGSHP system. However, the energy consumption of the cooling 
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tower and the secondary fluid circulation loop pump will be significantly improved with the reduction of the ground 
heat exchangers. In order to eliminate this contradiction, it is recommended to take the exiting fluid temperature of 
the ground-loop heat exchanger as the main control parameter while the difference between the heat pump exiting 
fluid temperature and the local wet-bulb temperature as the subordinate control parameter. 
5. Conclusion 
This paper provides a comparative study of three control strategies for the operation of HGSHP system using 
cooling tower as the supplemental heat rejecter in a small office building. Specific conclusions are summarized 
below: 
Compared to the base case, the hybrid system implemented with any of the control strategies appears to have 
significant benefits. 
The characteristics of the three control strategies can be concluded as follows. The first strategy can decrease the 
size of the ground-loop heat exchanger. However, the set point control generally occurs under the least 
advantageous weather conditions. This control strategy is relatively easy to operate. The second strategy operates 
the cooling tower ac-cording to the weather conditions. Under this strategy, the ground-loop temperature is held to a 
much lower lever. But this control strategy is strongly influenced by the environment and thus is complicated to 
implement. The third strategy operates the cooling tower on a specific schedule. This strategy does not take any 
advantages of the climatic conditions. Besides, running the supplemental heat rejecter at night when the building 
load is low is somewhat a waste of energy. 
Considering the efficiency and the operability of the system, it is recommended to combine Strategy One and 
Strategy Two. Taking the exiting fluid temperature of the ground-loop heat exchanger as the main control parameter 
while the difference between the exiting fluid temperature of heat pump and the local wet-bulb temperature as the 
subordinate control parameter is the best way to optimize the performance of HGSHP system. 
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